Background and Purpose Transcranial color-coded sonography is a new development in noninvasive cerebral vascular imaging. Reference data using this technique are described.
R ecent advances in ultrasonics have enabled the development of low-frequency, transcranial color duplex probes. 1 The brain parenchyma can be imaged using B-mode ultrasound, and the basal cerebral arteries can be imaged in real time using color flow ultrasound. This may aid vessel identification and may be of benefit in the assessment of anatomic variations and intracranial pathology. 2 Simultaneous pulsed Doppler interrogation of the imaged vessel can be performed with correction for the angle of insonation. This may provide values that are closer to the "true" values than those derived using conventional transcranial Doppler (TCD). 3 The introduction of a new technique requires that a substantial set of reference data is available before such a technique can be used as a basis for diagnostic decisions. This study was undertaken to supply such data.
Subjects and Methods
With the approval of the local ethical committee, 115 presumed normal volunteers (57 men, 58 women) were recruited between November 1992 and March 1993. Four were of Asian origin, three were of Oriental origin, one was of Afro-Caribbean origin, and the remainder were of Caucasian descent. They were members of hospital staff, their relatives, Received June 2, 1993; final revision received November 12, 1993 ; accepted November 12, 1993 .
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Correspondence to P.J. Martin, MA, MRCP, Department of Neurology, Leicester Royal Infirmary, Leicester LEI 5WW, UKvisitors, and patients admitted to a general surgical ward for elective, nonvascular surgical procedures (hernia repair, etc). All had specifically denied a history of cardiovascular, cerebrovascular, and peripheral vascular disease. Forty-seven were aged 20 to 39 years (median, 29 years), 36 were aged 40 to 59 years (median, 50 years), and 32 were aged 60 years or more (median, 68 years; maximum, 83 years). Preliminary data from the first 60 volunteers have been described previously. 4 Extracranial carotid disease was excluded by color duplex scanning (Spectra, Diasonics Inc, Milpitas, Calif) using a 7.5-or 5.0-MHz phased-array probe (Diasonics Inc). One volunteer underwent magnetic resonance angiography of the circle of Willis (Fig 1) to aid vessel identification using transcranial color-coded sonography (TCCS). This was not required for the vertebrobasilar system as it has been performed previously. 5 Volunteers were then studied by one investigator using a 2.25-MHz curved phased-array transcranial probe (intensityspatial peak, temporal average [I-SPTA], 176 mW/cm 2 ; pulse repetition frequency [PRF], 1.5 to 5.5 kHz) allied to the same color scanner. The anterior cerebral circulation (Fig 2) was imaged using a transtemporal window with the subjects in a supine position. The color flow display was initially set such that blood flow toward the probe was imaged in red and flow away was imaged in blue. Vessel identification was performed according to previous reports, '- 6 and comparison was made with the magnetic resonance angiogram. The vertebrobasilar system (Fig 3) was imaged with the patient lying in a left lateral position with the neck semiflexed. Identification of the vertebral and basilar arteries was performed as previously described. for the angle of insonation by alignment of a cursor along the direction of blood flow was performed. The angle of insonation was recorded for each arterial segment. If insufficient artery was imaged to allow this adjustment to be made accurately, no velocity measurements were taken. To incur the least error, velocity measurements were taken from arterial segments in which the vector of blood flow relative to the ultrasound beam was as close to zero as possible. No measurements were made if the angle of insonation was greater than 60°. On a screen adjacent to the color flow image, the Doppler waveform was displayed after having been analyzed using 256-point fast Fourier transform. When the waveform trace was stable, it was frozen and velocity measurement was performed. Peak systolic and end-diastolic velocities were taken from their respective positions on all frozen cardiac cycles using a tracker ball to visually place a cursor. The average of these values per trace was recorded. The mean of the maximum velocity was calculated by tracing the maximum frequency envelope of the Doppler waveform over all completed cycles. The pulsatility index (PI) 8 and resistance index (RI)' for each vessel were calculated as V.-V^/Vn, and V.-V^/V,, respectively, where V, is peak systolic velocity, V m is mean velocity, and V^ is end-diastolic velocity.
Blood flow velocities, Pis and RIs, and angles and depths of insonation were normally distributed (Filliben's test). 10 They are therefore expressed as the mean with its 95% confidence intervals. Comparison of the data between age groups was performed on a personal computer with statistical software (MINITAB) using nonpaired t tests. Significance was assumed at the 5% level. Correlation of blood flow velocities, Pis, and RIs with age was performed using Spearman's correlation coefficient. Interhemispheric comparison of these parameters was performed using Pearson's correlation coefficient.
Results
A total of 1053 arterial segments of a possible 1265 segments were successfully insonated (83%). . This may be a methodological difference in that manipulation of the transcTanial probe was easier on the right side, the operator being right-handed.
A suitable transtemporaJ window was absent on 1 side (in a male volunteer) in the 20-to 39-year age group, 14 sides (19%) in the 40-to 59-year age group, and 9 sides (14%) in the >60-year age group. In the 40-to 59-year age group, a window was absent unilaterally in 4 volunteers (11%) (2 men, 2 women) and was absent bilaterally in 5 volunteers (14%) (1 man, 4 women). In the >60-year age group, 3 volunteers had an absent window unilaterally (9%) (1 man, 2 women), and 3 volunteers (9%) had an absent window bilaterally (1 man, 2 women).
The mean angles of insonation for each artery were (mean with 95% confidence intervals): ACA, 32° (29 to 34); MCA, 25° (24 to 27); PCA (PI), 30° (28 to 32); PCA (P2), 36° (34 to 37); vertebral, 32° (29 to 34); basilar, 17°( 15 to 20). As expected, the ACAs, PCAs, and the vertebral arteries were found to run at the most oblique angle to the ultrasound beam. Therefore, for these vessels, accurate determination of blood flow velocities required correction for the angle of insonation. Angles of insonation did not differ significantly between the left and right sides in any vessel except the vertebral artery (left, 27° [23 to 31]; right, 36° [33 to 39]; P<.Q\). This difference was probably due to a slight rotation of the neck in our subjects when lying in the left lateral position.
The mean depth of insonation of each artery (with 95% confidence intervals) was: ACA, 6.5 cm (6.4 to 6.6); MCA, 5.0 cm (4.9 to 5.1); PCA (PI), 6.3 cm (6.2 to 6.4); PCA (P2), 6.1 cm (6.0 to 6.2); vertebral arteries, 5.8 cm (5.7 to 5.9); basilar artery, 7.7 cm (7.6 to 7.8) (range, 5.9 to 9.3 cm). Neither angle nor depth of arterial insonation varied significantly with age. The origin of the basilar artery was clearly identified in 93 individuals (81%) (44 men, 49 women) at a mean depth of 7.0 cm (6.9 to 7.1) (range, 5.4 to 8.8 cm). The depth of origin was significantly less in women (6.9 cm [6.7 to 7.0]) than in men (7.1 cm [6.9 to 7.3]) (P<.05), presumably a reflection of smaller neck size.
Velocity data are shown in Table 2 . There was a significant decline in mean and end-diastolic blood flow velocity in all vessels when comparing the 20-to 39-year age group with the >60-year age group. There was a significant decline in peak systolic blood flow velocity between these age groups in all vessels except the P2 segment of the PCA. There was a similar decline in peak, mean, and end-diastolic blood flow velocities from the youngest to the middle age group and from the middle to the older group, although the difference was not always significant. The decline in blood flow velocity with age correlated the most closely in the MCA, with end-diastolic velocity showing the closest correlation (peak velocity, r=-.5O; mean, r=-.51; end-diastolic, r=-.64). As with TCD, blood flow velocities were higher in the anterior than the posterior cerebral circulation, and the highest values were seen in the MCA.
Correlation of blood flow velocity between the left and right hemispheres was greatest in the MCA (peak velocity, r=.85; mean velocity, r=.83; end-diastolic velocity, r=.84). The least agreement was seen in the PCA (P2 segment) (r=.58, r=.59, r=.51; peak, mean, and end-diastolic velocities, respectively). Correlation coefficients for the mean velocity in the left and right hemispheres in the ACA, PCA (PI segment), and vertebral arteries were .64, .79, and .76, respectively. Interhemispheric correlation of the peak and end-diastolic velocities in these vessels were similar (peak were not found to be significantly higher in either the right or the left cerebral hemisphere in any artery. Table 3 shows the differences in blood flow velocity according to sex. Women showed significantly greater MCA, vertebral, and basilar artery blood flow velocities than men (both peak systolic and mean) in the 20-to 39-and 40-to 59-year age groups, confirming TCD findings.
11 There was also a trend toward higher velocities in women in these age groups for the ACA and PCA. A significant difference in blood flow velocity between men and women in the > 60-year age group was not detected in any vessel.
Pis are shown in Table 4 and RIs in Table 5 . These indices increased significantly in all vessels from the youngest to the oldest age group. The PI decreased significantly from the 20-to 39-year age group to the 40-to 59-year age group in the ACA, MCA, and PCA, but the decrease was not significant in the vertebral or the basilar arteries. The RI showed a similar decrease between the youngest and intermediate age groups, although never to a significant level. There was no difference in PI or RI between men and women. Interhemispheric correlation of the PI was closest for the MCA (r=.7O), and the RI showed the least side-to-side variation in the PCA (PI segment) (r=.64). The poorest correlation in the PI and RI between the left and right hemispheres was seen in the vertebral arteries (PI, r=.53;RI, r=.51).
Discussion
TCCS is an exciting development in noninvasive cerebral vascular imaging. Until the advent of magnetic resonance angiography, anatomic study of the basal cerebral circulation required intra-arterial angiography, which remains a relatively hazardous procedure. 12 The advent of TCD enabled hemodynamic study of the basal cerebral arteries, and three-dimensional TCD and map- •Significance values are given for comparison of velocities between each age group (nonpaired (tests). Cl indicates confidence interval; ACA, cerebral artery; and NS, not significant.
•Significance values determined using The anatomic definition of TCCS is limited by the use of low-frequency ultrasound required to penetrate the skull; thus it is unlikely to replace conventional or MR angiography. Instead, its value will lie in its role as a complementary, repeatable investigation, providing accurate hemodynamic data. Compared with conventional TCD, it is expensive, requiring the acquisition of a modern color duplex scanning system. However, in those centers with preexisting color scanners, compatible transcranial probes can be added for relatively little expense.
Absence of a temporal window became a limiting factor in vessel insonation in the middle and elderly age groups. In 15 volunteers (23%) in these groups, there was either a unilateral or bilateral absence of a transtemporal window. Other studies using the color-coded technique have varied in their success at demonstrating a window, from 100% in young adults 6 to 70% in those over 60 years of age. 16 This is slightly worse than is expected when using conventional TCD, 17 and at the present stage of development may prove a factor limiting the use of TCCS for imaging the anterior cerebral circulation in the elderly. However, there is hope that the use of echo-contrast agents may partly overcome such difficulties and enable the imaging of more distal arterial segments. 16 Our ability to study the vertebrobasilar system and to distinguish vertebral from basilar artery blood flow compared favorably with conventional TCD, reports, in which differentiation of blood flow in these vessels can be difficult. 1920 Whereas insonation of the circle of Willis depends on a suitable transtemporal window, successful insonation of the vertebrobasilar system appeared to be related to neck size. Failure to identify the vertebral or basilar arteries was limited to those volunteers with large necks in whom insonation depths of 8 cm or more through soft tissue were required.
The mean depth of origin of the basilar artery shown in this study (7 cm) agrees almost exactly with that shown in two previous TCCS studies (7.0 cm and 7.1 cm). 5 -7 As in the latter study, we were able to identify the basilar origin in 81% of subjects compared with only 42% in the former series. We confirmed a slight sex difference in the depth of origin. The differentiation of vertebral from basilar artery blood flow has been a source of difficulty using TCD, with different authors recommending progressively increasing depths of insonation to assess the basilar artery. 21 Although our mean depth of basilar artery origin was the same as previous TCCS reports, we found a large variation (minimum depth, 5.4 cm; maximum depth, 8.8 cm; standard deviation, 0.55 cm), and therefore we are unable to recommend a certain depth beyond which the basilar artery could be insonated with absolute certainty using TCD. However, if it is assumed that 95% of the population lie within 2 SDs of the mean, it is extremely likely that the basilar artery will be insonated at a depth of 8.1 cm or beyond.
Unlike Kaps et al, 5 we were unable to accurately insonate the posterior inferior cerebellar artery in more than four of our volunteers. Even when an appropriate image was identified, accurate measurement of blood flow velocity was not possible because the imaged segment was too small to allow determination of the angle of insonation. We therefore recommend caution to those who may attempt to accurately quantify hemodynamic parameters in any but the major vessels of the basal cerebral circulation using TCCS.
Our velocity data for both the anterior and posterior cerebral circulations agree with most previous reports (despite their smaller size), although certain discrepancies have emerged. The blood flow velocities described by Hashimoto and Hattrick 22 are significantly greater than those we found, and the values described by Tsuchiya et al 6 are also somewhat higher. It is notable that, in the latter study, the mean angle of MCA insonation was 49° (range, 9° to 73°), and overcorrection for this angle (not stated in the former study) is a potential source of error in velocity measurements using TCCS. In addition, we showed the greatest asymmetry in blood flow velocities to be in those vessels in which the greatest correction for the angle of insonation is required. As this angle increases, the error incurred in blood flow velocity measurements increases disproportionately to the error in angle estimation. Overestimation by 5° when the true angle is 10° results in an error of 2%, whereas a similar overestimation when the angle is 60° will result in an error of 16%. All velocity measurements should therefore be made from an arterial segment requiring the least angle compensation to reduce these errors to a minimum.
The increase in RIs and Pis with age reported in this study may result from a reduction in vessel compliance. A significant increase in these parameters using TCD has previously been shown in patients with atherosclerotic disease 23 but not in healthy volunteers. 24 No previous studies using TCCS have described these indices in all arteries and in all ages. The relevance of the decrease in PI and RI between the 20-to 39-year and 40-to 59-year age groups is uncertain.
We have demonstrated the ability of TCCS to image the basal cerebral circulation in a noninvasive manner. The velocity data derived using this technique may be closer to the "true" values than those obtained using conventional TCD, because compensation for the angle of insonation in the axial plane can be made. However, we recommend that all velocity measurements are made from vessels running within 60° of the ultrasound beam and preferably within 45° to prevent excessive error in angle correction. Although relatively little information exists regarding the clinical applications of TCCS, 2 -25 ' 27 we hope that our reference data may prove helpful to those who in the future use this technique in the diagnosis and monitoring of cerebrovascular disorders.
